Gem is a small guanosine triphosphate (GTP)-binding protein within the Ras superfamily, involved in the regulation of voltagegated calcium channel activity and cytoskeleton reorganization. Gem overexpression leads to stress fiber disruption, actin and cell shape remodeling and neurite elongation in interphase cells. In this study, we show that Gem plays a crucial role in the regulation of cortical actin cytoskeleton that undergoes active remodeling during mitosis.
Introduction
Gem is a guanosine triphosphate (GTP)-binding protein within the Ras superfamily whose expression is induced by mitogenic stimulations in several cell types (1, 2) . Together with Rad (3), Rem (4) and Rem2 (5) , it forms a subfamily of proteins referred as the RGK (for Rad and Kir/Gem) family. Gem has been shown to carry two distinct functions, regulation of Ca 2+ channels and cytoskeletal organization (6) (7) (8) . Several reports have shown that the overexpression of Gem affects cell morphology in connection with the cytoskeleton and have suggested possible functional links. Ectopic expression of Gem in neuroblastoma cells promotes neurite outgrowth through inhibition of the Rho/ROCK pathway (9, 10) . Direct interaction of Gem with ROCK inhibits ROCKβ-mediated phosphorylation of both myosin light chain and myosin-binding subunit resulting in actin cytoskeleton rearrangements. Recently, it has been shown that Gem overexpression prevents dendritic retraction in Timothy syndrome by inactivating RhoA (11) . Morphological changes induced by overexpression of Gem are antagonized by a microtubule-associated protein, tau (12) , although the direct interaction between both proteins is lacking. A second microtubuleassociated protein, kinesin 9 (13), interacts with Gem and affects microtubule dynamics at the level of the mitotic spindle (14) . We have reported previously that Gem regulates actin cytoskeleton via Geminteracting protein (Gmip) and the membrane cytoskeletal linker Ezrin (14, 15) . Gem-Ezrin interaction at the plasma membrane is required for the activation of Gmip, which functions as RhoA GAP leading to local inactivation of RhoA signaling and actin disruption. Moreover, Gmip has been reported to control vesicular trafficking by inhibiting cortical actin polymerization during exocytosis (16) .
These results suggest that Gem might regulate cellular processes, which require active cytoskeleton remodeling such as cell division. At the transition between G2 phase of the cell cycle and mitosis, actin rearrangements increase cortical rigidity and induce cell rounding, which is essential for correct spindle assembly (17) . Then, at the end of mitosis, actin rearranges at the cleavage furrow to form the contractile ring, which is central to the process of cytokinesis (18) . Rho GTPases are major regulators of actin cytoskeleton dynamics in interphase and mitotic cells (19, 20) . RhoA activity has been implicated in actin remodeling as cell enters mitosis and in the formation of actin-myosin ring at the cleavage furrow, whereas cdc42 is required for spindle orientation during epithelial morphogenesis (20, 21) . RhoA, ROCK and myosin are partially required for cell rounding, whereas moesin, a membrane cytoskeleton linker, contributes to cortical rigidity required for spindle stability (17) . However, despite these clear links, the signaling pathways that functionally integrate actin cytoskeleton and early mitotic progression are not fully elucidated.
In this study, we show that Gem overexpression leads to changes in cortical actin network and defects in spindle positioning similar to actin perturbation by latrunculin A (LatA). We demonstrate that Gmip expression is required for the Gem-induced actin remodeling and spindle phenotype. Mitotic functions of Gem and Gmip are mediated via the GTPase, RhoA. Overexpression dominant negative RhoA leads to actin perturbation and spindle positioning defects, whereas the wild-type protein rescues Gem-induced actin and spindle phenotypes. We propose that Gem regulates cortical actin via Gmip/RhoA pathway and thereby affects spindle positioning during early mitosis.
Materials and methods

Creation of Gmip inactive mutant
To create GAP defective Gmip, a point mutation was introduced to alter Arg 587 to Ala. This residue is highly conserved in GAP domains and is required for their catalytic activity (22) . To create the Gmip R587A mutant, the pRK5-myc-Gmip plasmid (14) was used as template. The site-directed mutagenesis was performed with the QuikChange II XL Site-Directed Mutagenesis Kit (Agilent Technologies) and the following primers containing the mutation: 5′-GATGTGCAGGGCATTTACGCAGTCAGCGGGTCCCGGGTC-3′ (forward) and 5′-GACCCGGGACCCGCTGACTGCGTAAATGCCCTGCA CATC-3′ (reverse). In brief, primers extension was performed using PfuUltra DNA polymerase. Parental methylated and hemimethylated DNA was digested with DpnI. After bacterial transformation, positive clones for the Gmip R587A mutation were validated by DNA sequencing.
Antibodies and reagents
The following antibodies were used: anti-GFP (Roche Applied Sciences, Meylan, France), anti-Myc (Calbiochem, Merck Chemicals, Nottingham, UK), anti-HA (Abcam, Cambridge, UK) anti-α-tubulin and anti-γ-tubulin (SigmaAldrich, St Louis, MO), anti-phospho-Ser10 Histone 3, mouse monoclonal, anti-α-tubulin (Abcam) and anti-Gem (Santa Cruz, sc28584) rabbit polyclonal antibodies. Rabbit antibodies against Gem and Gmip were described previously (14, 15) . Phalloidin coupled to Alexa 350, Cy5 or Texas Red was obtained from Molecular Probes, Eugene. The cyclin-dependent kinase-1 inhibitor RO3306 was obtained from Calbiochem and the other chemicals from (Sigma-Aldrich). Protease and phosphatase inhibitor cocktails were purchased from Roche Applied Sciences.
Cell culture, drug treatment and transfections
HeLa and RPE1 cells obtained from American Type Culture Collection (Rockville, MD), were grown in DMEM and DMEM-F12, respectively, supplemented with 10% fetal bovine serum and antibiotics at 37°C and 5% CO 2 . When mentioned cells were synchronized at mitosis by nocodazole (200 ng/ml for 16 h) or 10 μM RO3306 treatment, as described Abbreviations: GTP, guanosine triphosphate; PBS, phosphate-buffered saline; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis; TCA, trichloroacetic acid.
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previously (8) . For the disruption of actin filaments, cells were treated with 0.2 μM LatA as indicated. Gmip and Gem siRNA sequences were described previously (15) . DNA and siRNA transfections were performed using JetPEI (Ozyme, France) and HiPerFect (QIAGEN) reagent according to the manufacturer's instructions. After 48 h in culture, cells were either fixed and treated for immunofluorescence or lysed before sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transfer. For siRNA and plasmid co-transfections, HeLa cells were plated into 24-well plate and 20 h later were transfected with 10 μM siRNA using HiPerFect. After 24 h, 0.2 μg of plasmid was introduced to the cells using JetPEI reagent. Cells were incubated for 10 h before RO3306 or LatA addition.
Immunofluorescence
HeLa or RPE1 cells were plated on glass coverslips and transfected as indicated. Cells were then washed in ice-cold phosphate-buffered saline (PBS) and fixed in 4% (w/v) paraformaldehyde (Electron Microscopy Science, PA) for 20 min at room temperature. Cells were permeabilized with CB buffer (20 mM Pipes; pH 6.8, 300 mM NaCl, 10 mM ethyleneglycolbis(aminoethylether)-tetraacetic acid, 10 mM MgCl 2 and 10 mM glucose) containing 5% fetal calf serum and 0.2% Triton for 10 min and blocked in CB containing 5% fetal calf serum and 0.02% Triton for 45 min at room temperature. Cells were incubated with primary antibodies and Alexa 488-phalloidin or Alexa 350-phalloidin (1:250, Molecular Probes, Eugene, OR) for 45 min followed by secondary antibodies conjugated to the relevant fluorochrome (Alexa 488-coupled antibodies from Molecular Probes, or Cy3 and Cy5-coupled antibodies from Jackson Laboratories) for 45 min. After washes, cells were incubated in DAPI and finally mounted in fluorescence mounting medium (DAKO). Images were acquired with a confocal FV1000 microscope (Olympus) using a 63X oil immersion objective. Images were analyzed using Metamorph (Universal Imaging) and Image J (National Institute of Health) softwares. For RhoA, Gem and Gmip localization, cells were fixed with 10% trichloroacetic acid (TCA) on ice for 15 min (23, 24) and stained with anti-Myc, anti-Gem or anti-RhoA antibodies.
Flow cytometry
Total F-actin fraction was quantified as described previously with few changes (25) . In brief, HeLa cells (1 × 10 6 /ml) transiently expressing GFP or GFPGem were suspended in PBS fixed in 4% paraformaldehyde for 10 min at room temperature and permeabilized with 0.02% Triton X-100. To determine actin polymerization, cells were incubated with Cy5-labelled phalloidin for 30 min. After washing, cells were analyzed by flow cytometry (FACSCalibur, BD Biosciences) and the mean relative fluorescence was measured in GFPpositive cells using CellQuest software (BD Biosciences).
Immunoblot analysis and immunoprecipitation
Cells were washed twice with ice-cold PBS and total protein was extracted to lysis buffer (20 mM Tris, pH 7.5, 1 mM ethyleneglycol-bis(aminoethylether)-tetraacetic acid, 100 mM NaCl, 1% Triton X-100, 5% glycerol, and 1 mM dithiothreitol) containing protease and phosphatase inhibitor cocktails and debris were removed by a 5-min centrifugation at 13 000g. Whole-cell lysates were separated by SDS-PAGE, transferred to nitrocellulose membranes (Hybond ECL, GE Healthcare Life Sciences, Sweden) and hybridized overnight using various primary antibodies. Proteins were revealed with appropriate antibodies coupled to horseradish peroxidase (Jackson ImmunoResearch Laboratories, Interchim, France) and ECL plus reagent (Pierce, Interchim, France).
For coimmunoprecipitation studies, HeLa cells were treated with 10 µM RO3306 for 16 h. Cells were then released from RO3306 for 60 min and mitotic cells were selected by mitotic shake-off, washed twice with icecold PBS and lysed in IP-buffer (20 mM Tris, pH 7.5, 100 mM NaCl, 1 mM MgCl 2 , 1% Triton X-100, 5% glycerol) containing protease and phosphatase inhibitor cocktails. The lysates were cleared by centrifugation at 13 000g for 10 min at 4°C and incubated with mouse monoclonal anti-Gem or IgG for 2 h at 4°C under continuous agitation. Immune complexes were precipitated with a mix of Protein A & G Sepharose beads for 1 h at 4°C. The beads were washed three times at 4°C with lysis buffer. Immunoprecipitates and total lysates were analyzed by SDS-PAGE as described above. 
Cortical actin remodeling and spindle positioning during early mitosis
RhoA activation assay GTP-bound RhoA was quantified using the RhoA Activation Assay Biochem Kit (Cytoskeleton), according to the manufacturer's instructions. In brief, HeLa cells were seeded on 10-cm dishes and transfected as indicated for assessment of endogenous GTP-RhoA. Mitotic cells were lysed in ice-cold lysis buffer and 500 μg of total cell proteins was incubated with 30 μl of Rhotekin-RBD beads at 4°C on a rotator for 1 h. After washing, samples were analyzed by western blot using appropriate antibodies.
Spindle analysis
The position of the mitotic spindle was evaluated as described previously (26) . In brief, images were obtained in metaphase cells stained for centrosome (γ-tubulin) and spindle (α-tubulin). Centering of the spindle was calculated as the distance between the spindle center and the center of the cell using Image J software. Astral microtubule symmetry was estimated as the ratio between distances of each centrosome to their respective cortex.
For cortical F-actin intensity quantification, cells were transfected, fixed and stained with appropriate antibodies, phalloidin and DAPI. Transfected mitotic cells were optically sectioned using a FV1000 Olympus Confocal microscope equipped with a 60× objective. Z stacks of six 0.5-μm sections were used to generate maximal intensity projections of the cell equator onto a single image plane using ImageJ software. Two circles were manually designed in a 2-μm distance outside and inside the plasma membrane. Phalloidin intensity between the circles represents the cortical F-actin, whereas phalloidin intensity inside the first circle representing the cell core was used as background. The mean of phalloidin intensity between the circles was corrected for background and the resulting intensity value was defined as the cortical F-actin intensity. The average of F-actin intensities in control cells was set to 1.
Statistical analysis
The data are presented as the mean ± SEM of three independent experiments unless otherwise noted. The statistical comparisons between the different treatments were performed using an unpaired Student's t-test or analysis of variance in which P < 0.05 was considered significant and P < 0.001 highly significant (GraphPad Prism Software, San Diego, CA)
Results
Ectopic expression of Gem induces F-actin destabilization during mitosis
Previous studies have shown that in interphase cells, Gem overexpression leads to profound actin cytoskeleton rearrangements (10, 13, 15) . Because mitotic cells undergo active actin cytoskeleton remodeling (stress fiber disassembles, although cortical actin lines the plasma membrane), we hypothesized that Gem may play a role in actin organization during early mitosis. To examine the influence of Gem on the structure of actin during mitosis, GFP-Gem or MycGem was overexpressed in HeLa cells and actin was visualized by confocal microscopy. Although in control GFP or Myc expressing cells actin uniformly lines the cell cortex, in Gem overexpressing cells, actin was disrupted and unevenly distributed at the cell cortex ( Figure 1A) . Arrows indicate regions with low actin signal. We then examined whether the quantity of filamentous actin (F-actin) reflecting its polymerization status was altered upon Gem overexpression in early mitotic cells. Cy5-phalloidin that specifically labels filamentous actin was used to quantify the mean F-actin content in transfected and non-transfected cell populations by immunofluorescence and flux cytometry (FACS) (25) . Confocal microscopy revealed that phalloidin intensity was decreased in Gem-expressing cells compared with control cells (GFP or non-transfected cells) suggesting that Gem overexpression induces cortical actin depolymerization ( Figure 1B ). In agreement with these results, FACS analysis further confirmed that in Gem-expressing cells, the total F-actin fraction was decreased ( Figure 1C ). To further elucidate the physiological function of Gem on actin cytoskeleton during mitosis, we evaluated the effect of Gem knockdown by RNA interference. Specificity of Gem siRNAs was reported previously (8, 15) . Immunoblot analysis indicated that endogenous Gem levels were reduced by 70-80% at 48 h ( Figure 1D ). FACS analysis revealed that F-actin intensity was significantly increased in Gem-depleted mitotic cells ( Figure 1E ). Taken together, these results show that Gem regulates levels of filamentous actin at the cell cortex and establishes a role for Gem in actin remodeling during early mitosis.
Overexpression of Gem promotes spindle-positioning defects
To study whether Gem-induced actin remodeling influences mitotic spindle, we performed immunofluorescence analysis. In GFPexpressing cells, the spindle was stably positioned near to the geometric center of the cell as in non-transfected cells (Figure 2A ). In contrast, in Gem-expressing cells, the spindle was placed randomly in the cytoplasm and often was positioned away from the center of the cell (Figure 2A) . To assess the effect of Gem on spindle positioning, the distance between the midpoint of the spindle and the cell center in horizontal view was measured ( Figure 2B ). Statistical analysis revealed that the distance (d) between spindle and cell center was increased 3-fold in Gem-overexpressing cells (2.03 ± 0.12 µm) compared with control cells (0.61 ± 0.04 µm). To further analyze the spindle phenotype, we measured astral microtubule length as the distance between centrosomes and their respective polar cortex ( Figure 2C ). The ratio c1/c2 reflects the symmetry of astral microtubules. Our results show that Gem overexpression leads to astral microtubule asymmetry. Similar results in spindle positioning were obtained with immortalized non-transformed RPE1 cells ( Figure 2D ), suggesting that the role of Gem in spindle positioning is common to various cell types. Overexpression of the S89A and S89N mutants of Gem, which are unable to switch to the active GTP-bound state (10), failed to cause any spindle defects ( Figure 2E and Supplementary Figure S1A , available at Carcinogenesis Online). Taken together, these results indicate that Gem is able to regulate spindle positioning in mitosis and this regulatory effect requires catalytically active form of Gem and GDP-GTP cycling.
Perturbation of actin cytoskeleton affects spindle positioning
To further investigate the role of the actin cytoskeleton in mitotic spindle, we examined the effects of the actin filament-disrupting drug, LatA, which sequesters monomeric actin and prevents it from polymerizing (27) , on the mitotic spindle position. HeLa cells were treated with the actin-depolymerizing drug LatA and stained for F-actin with phalloidin. Immunofluorescence analysis revealed that cortical actin was completely disrupted in LatA-treated cells ( Figure 3A) . The distance between the spindle center and the cell center was significantly increased in LatA-treated cells compared with control cells ( Figure 3B ). These results show that normal spindle position requires proper assembly of cortical actin filaments. Therefore, pharmacological destabilization of F-actin produced mitotic phenotypes similar to those observed in Gem-expressing cells, suggesting that these events are linked ( Figure 3A versus Figure 1A and Figure 3B versus Figure 2B ). In addition, when Gem-overexpressing cells were treated with LatA, the spindles were mispositioned to a similar extent, suggesting that Gem affects spindle positioning via actin ( Figure 3C ). Overall, our results indicate that Gem overexpression affects cortical actin and position of the spindle similar to the pharmacological inhibition of actin polymerization.
Gmip expression is required for Gem-induced spindle positioning phenotype
It has been shown previously that in interphase cells Gmip acts downstream Gem to control actin reorganization during cell elongation (11, 15) and vesicular trafficking (16) . To investigate whether Gmip affects the actin network during mitosis, spindle positioning was analyzed in cells overexpressing Gmip. The average distance between spindle center and cell center was 0.89 ± 0.06 μm in control cells and 2.4 ± 0.16 μm in Gmip-expressing cells ( Figure 4A ). Similar phenotypes on spindle positioning were obtained in Gmip-or Gem-overexpressing cells ( Figure 4A versus Figure 2B and E) suggesting that they act in the same pathway. Further analysis showed that the GmipΔCter mutant [missing CRD (cysteine-rich domain) and RhoGAP domain] was unable to induce spindle mispositioning, implying that Gmip GAP activity may play an important role in this process. Accordingly, the expression of GAP domain alone was sufficient to induce the spindle phenotype ( Figure 4A ). To confirm the role of Gmip GAP activity in spindle positioning, we created a point mutation (R587A) at the predicted catalytic arginine site. The substitution of the conserved arginine in the RhoGAP domain to alanine is known to abolish GAP activity. To characterize loss of GAP activity, R587A was overexpressed in HeLa cells and actin architecture was analyzed. As expected, overexpression of wild-type Gmip disrupted actin stress fibers (14) , whereas R587A-positive cells showed normal actin stress fibers organization (Supplementary Figure S2A , available at Carcinogenesis Online). To determine loss of R587A mutant GAP activity, we performed RhoA pull down assay. As shown in Supplementary Figure S2B , available at Carcinogenesis Online, the quantity of active GTP-RhoA was decreased in cells overexpressing Gmip but not affected by R587A overexpression. Finally, R587A overexpression does not affect spindle positioning confirming that GmipGAP activity is responsible for the Gmip-induced spindle phenotype ( Figure 4A ).
Image analysis revealed that in Gmip overexpressing mitotic cells cortical F-actin was disrupted similar to Gem-expressing cells ( Figure 4B versus Figure 1A) . Quantification of F-actin content further confirmed that Gmip overexpression induces actin depolymerization, whereas its depletion increases F-actin fraction ( Figure 4C ). The GAP activity is responsible for Gmip-induced F-actin remodeling ( Figure 4C) . Interestingly, overexpression of GmipΔCter mutant, lucking the GAP domain, resulted in increased F-actin intensity. Because Gem-interacting domain is located to the N-terminal part of Gmip, this result suggests that GmipΔCter could compete with endogenous Gem-Gmip interaction and shows as dominant-negative effects toward Gem.
To determine whether Gmip mediates Gem-induced spindle mispositioning, HeLa cells were first knocked down for Gmip using specific small interfering RNAs (siRNAs) and second transfected with Myc or Myc-Gem, thereafter spindle position was evaluated. Gmip expression was significantly and specifically downregulated ( Figure 4D, right panel) . We found that knockdown of Gmip rescues Gem-induced spindle phenotype ( Figure 4D ). All together, these data show that Gmip expression is required for spindle-positioning phenotype induced by Gem overexpression.
RhoA mediates Gem/Gmip-induced actin remodeling and spindle mispositioning
The actin regulator RhoA is a downstream target of Gmip (14) and thus constitutes a good candidate to mediate Gem/Gmipinduced actin and spindle phenotypes. We therefore investigated whether inactivation of RhoA can phenocopy the effects of exogenous expression of Gem. We found that inactivation of endogenous RhoA by expression of a dominant-negative form of RhoA (RhoA-N19) is sufficient to cause spindle mispositioning similar to Gem overexpression ( Figure 5A ). To address whether RhoA GTPase is inactivated by Gem or Gmip overexpression in mitotic cells, we performed pull-down assays using GST-Rho Binding Domain of Rhotekin (GST-RBD), which specifically binds GTP-RhoA. Endogenous GTP-RhoA levels were detected in Mycexpressing cells in basal conditions. As shown in Figure 5B , Gem or Gmip overexpression decreased GTP-RhoA levels by accelerating hydrolysis of GTP, suggesting that both proteins inactivate RhoA in mitotic cells. To assess whether activation of RhoA can rescue the Gem-induced spindle phenotype, we used constitutively active RhoA (RhoA-V14) or wild-type (RhoA wt). Both RhoA wt ( Figure 5C ) and RhoA-V14 (Supplementary Figure S1B , available at Carcinogenesis Online) prevented Gem-induced spindle phenotype. Consistent with these data, ectopic expression of RhoA wt significantly inhibited Gmip-induced spindle mispositioning, further confirming that RhoA acts downstream Gmip. Gem-induced spindle phenotype was closely related to cortical actin disruption. Thus, we examined the potential of active RhoA to restore cortical F-actin in Gem-expressing cells. Indeed, reintroduction of RhoA wt ( Figure 5D ) was associated with cortical actin recovery upon Gem overexpression. Thus, active RhoA can inhibit the ability of Gem to decrease cellular F-actin content.
Gem/Gmip and RhoA localize to the cell cortex during mitosis
We have recently shown that Gem is spindle-associated during mitosis using PFA or methanol fixation (8) . To understand the spatial relationship between Gem and cortical actin organization, we used a TCA fixation protocol (23, 24) , which allows the immunofluorescence analysis of cortex-associated proteins such as RhoA or ERM (Ezrin/Radixin/Moesin) proteins. We examined the localization of Gem and Gmip during mitosis in TCA-fixed HeLa cells. Myc-Gem localizes to cell cortex during mitosis, whereas Myc alone was distributed throughout the cytoplasm ( Figure 6A ). Similar, cell cortex localization was also observed for Gmip protein. Finally, endogenous Gem is also localized at the cell cortex of TCA fixated mitotic cells ( Figure 6A, lower panel) . DAPI staining was used to identify mitotic cells. To confirm a possible interaction between endogenous Gem and Gmip at the molecular level, we performed co-immunoprecipitation experiments. Extracts of HeLa cells synchronized in mitosis by mitotic shake-off were immunoprecipitated with anti-Gem antibodies or IgG control antibodies. Association of Gem and Gmip in mitotic cells was confirmed ( Figure 6B ), suggesting that these molecular interactions may be involved in the regulation of RhoA activity at the cell cortex during early mitosis. Finally, to reveal a spatial relationship between Gem and RhoA, we performed co-immunostaining with anti-RhoA antibody. Under those conditions, in agreement with previous reports (24) , endogenous RhoA was present at the cell cortex from prophase to cytokinesis ( Figure 6C and data not shown). Both Gem and RhoA shared similar behaviors of localization to cell cortex. Similarly to RhoA, Gem and Gmip were localized at plasma membrane regions from early mitosis to anaphase and then were enriched to cleavage furrow until cytokinesis. Arrows indicate cell cortex regions co-stained for Gem and endogenous RhoA ( Figure 6C ). Taken together, these results support a model in which Gem/Gmip/RhoA pathway may function at the level of cell cortex to control actin dynamics locally.
Discussion
During cell division, adherent cells drastically reorganize their actin cytoskeleton. Entering mitosis, cell rounding is accompanied by cortical actin remodeling during metaphase, cortical actin determines spindle positioning and orientation, whereas in late mitosis, the actin-myosin ring allows cytokinesis (17, 18, 28) . Although molecular mechanisms regulating actin dynamics at G2/M transition and cytokinesis are well established, the machinery responsible for actin dynamics and spindle positioning during early mitosis is poorly understood. It has been shown previously that Gem overexpression induces actin rearrangements in interphase cells (10, 13, 15) . In this study, we explored the role of Gem and its downstream effectors Gmip and RhoA on cortical actin remodeling during early mitosis.
We found that ectopic expression of Gem disrupts actin architecture at the cell cortex and affects spindle positioning. In agreement with previous studies, depolymerization of F-actin by LatA led to spindle positioning defects, suggesting that the stability of cortical actin network is crucial for establishing a correct spindle positioning in mammalian cells (26) . We did not observe additive effects on spindle positioning in Gem-expressing cells treated with LatA, further indicating that Gem affects spindle position through cortical actin regulation. Spindle defects require active Gem molecules, because S89A and S89N mutants, which are unable to switch to the active GTP-bound state (10, 15) , failed to induce spindle mispositioning upon overexpression. Molecules that elicit exchange of GDP to GTP on Gem or stabilize GTPbound form are still unknown. For that reason, we could not identify the mechanism by which Gem switches to the GTP-bound state at the cell cortex. How Gem mechanistically disrupts cortical actin? Gmip, the Gem interacting protein, has been implicated in actin reorganization during cell elongation (11, 15) and actin-dependent vesicular traffic (16) , but its role in mitosis remains unknown. The HeLa line, used in this study, was derived from cervical cancer cells. Of note, a recent work conducted in 50 carcinoma and non-carcinoma uterine aspirates pointed out that Gmip was overexpressed in patients having endometrial cancer (29) , suggesting an uncovered role for Gmip in pathophysiology as a potential cancer molecular marker.
Using siRNA and ectopic expression approaches, we demonstrated that Gmip expression is required for Gem-induced spindle phenotype. Both proteins localize to the cell cortex and co-immunoprecipitate in mitotic cells, further arguing that Gem/Gmip signaling acts locally to control actin cytoskeleton. Moreover, the GAP domain of Gmip is sufficient to induce the spindle phenotype confirming that its GAP activity toward RhoA GTPase is responsible for its mitotic effects. Therefore, our data suggest that RhoA might be locally activated to control actin network and spindle positioning. Several RhoA downstream effectors such as LIMK, ROCK, and mDia (26, (30) (31) (32) have been implicated to the control of spindle positioning further arguing for a role of RhoA during early mitosis. But how RhoA activity is locally regulated at the cortex remains unknown. In this study, we show that RhoA influences spindle positioning downstream GemGmip. Inactivation of endogenous RhoA by dominant negative mutant (RhoA-N19) led to spindle defects similar to Gem or Gmip overexpression, whereas constitutively active form of RhoA (RhoA-V14) rescued Gem and Gmip-inducing spindle phenotype. Consistent with this, RhoA is present at the cell cortex during early mitosis and partially co-localizes with Gem and Gmip. Moreover, Gem and Gmip are enriched at the cleavage furrow similar to RhoA but a possible role of these proteins during cytokinesis remains to be studied.
All together, our results suggest that local inactivation of RhoA by RhoGAP Gmip at the cell cortex disrupts actin network leading to spindle position defects. Consistently, RhoA activators (ARHGEF10 and Lfc) have been shown to regulate early mitotic events but their role in spindle positioning remains to be elucidated (33, 34) . RhoA activity plays a crucial role in cytokinesis (17, 18) . Several reports demonstrated that RhoGEFs and RhoGAPs have counteracting roles in regulating cytokinesis and localize at the cleavage furrow where RhoA is found, suggesting dynamic RhoA activity (18, 28, (35) (36) (37) . This supports a model in which recruitment of RhoA at the furrow zone does not simply reflect local activation but continual activation balanced by continual inactivation (38, 39) . If such a model exists during early mitotic stages, the possible role of the RhoGAP Gmip would be to inactivate the "excess" active RhoA that fails to locally interact with targets.
Another mechanism controlling spindle positioning involves spindle microtubule dynamics, and in particular astral microtubules that are tethered to the cell cortex to control spindle positioning and orientation (40) . We have recently shown that Gem regulates spindle microtubule dynamics through the kinesin Kif9 (8) . One can speculate that spindle positioning defects upon Gem overexpression might involve Gem-related spindle dynamics. Because Gem regulates spindle dynamics through the kinesin 9, we investigated a possible role of Kif9 in Gem's actin phenotype. Kif9 depletion or overexpression did not affect cortical actin network or spindle positioning. Furthermore, in Kif9-depleted cells, the overexpression of Gem resulted in spindle mispositioning as in control siRNA cells (Supplementary Figure S3 , available at Carcinogenesis Online). We therefore conclude that Geminduced spindle mispositioning does not require Kif9. Taken together, these results clearly indicate that Gem has distinct mitotic functions mediated by different effectors.
In conclusion, we provide evidence that Gem and its downstream effectors Gmip and RhoA localize to the cell cortex where they locally control F-actin network that in turn affects spindle positioning during early mitotic stages.
Supplementary material
Supplementary Figures 1-4 can be found at http://carcin.oxfordjournals.org/
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